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1.0 FORWARD

The objective of this research was to develop sputtering and
post-deposition annealing techniques for preparation of single
crystal, thin filas of Mercury Cadaium Telluride (Hg,Cd)Te on
large area, low cost substrates. The research concentrated on
finding ways to control the film properties so that the thin film
layers would be suitable for fabrication of either photovoltaic
or photoconductive calls for wide-angled infrared sensing in wave-
length regions of interest such as 3 ~ 5, 8 ~ 14 and 18 - 25 microns.
The research involved R. F. (Radio-frequency) sputtering in a mercury
vapor atmosphere using a triode-sputtering system, an approach that
allows the Hg pressure to be low enough (about one micron) for nearly
stoichiometric films of (Hgl_ »Cdy)Te to be sputtered with any
desired x value in the 0.187t8 0.27 compositional range. The sputter-
ing approach at RJIT used targets made of cold-pressed powder mixtures
composed of lowwcost HgTe and CdTe powders. The effective x value
of the target can be shifted by simply changing the relative volume
of the two powders.

The triode~sputtering approach allows material to be deposited
at higher energy than by MBE or LPE deposition methods and therefore
- higher substrate temperatures can be used and crystalline growth
on low-cost siliconm substrates, with (11l) surface orientation, can
be obtained. The NJIT research concentrated on optimizing film
deposition parameters to obtain high quality films on silicon sub-
strates because of its low cost and the potential use of its slec-
tronic properties. The behavior of carrier concentration and
mobility with changes in temperature in the 87-300°K range was studied
by Hall-effect measurements because of the strong dependence of this
behavior on film stoichiometry and crystallinity. The very sensitive
dependence of the conduction behavior on key sputtering parameters
(dg sputtering gas pressure, film deposition rate, substrate
dec bias and temperature, and silicon surface treatment) was clearly
established and studied. Extensive work was done on improving the
properties by post-deposition annealing in a lig atmosphere using
a two~gone furnace. The conduction propertieswere studied as a
function of the annealing temperature and time and the pressure of
the Hg.

For films with an x co,poaitioul value of 0.2, carrier concen~
trations as low as 1013cm™> at 100°K were obtained. Electron

mobilities at 879K up to 162 of bulk crystal values wers ssasured

for 5 -~ 10 micron thick films. The most promising results were

obtained using a small dc substrate bias, which was found to be

very effective for removal of sputtered impurities from the target.

The starting target materials were only S nines pure. The experimental
conduction results indicate that further fine-tuning of the sputter-

ing and annealing parsmaters can probably enable nsarly intrinsic

films with high electron mobilities to be obtained on silicon substrates.




A further objective of the research was to demonstrate that the
sputtered film's compositional parsmeter x matched that of the
target. By using Wavelength Dispersive Electronprobe Microanslysis
and optical absorption measurements,the composition were shown to
match (within the four percent accuracy of the measurement) for the
films measured in the 0.2-0.27 x value range. The optical measure-
mants, along with the dependence of the Hall-effect coefficient on
magnetic field, enabled the conductivity type of compensated films
to be found.

The research was very relevant to the science and techmology
of heteroepitaxial growth of the compound semiconductor (ig,Cd)Te.
Thers presently is much interest in (Hg,Cd)Te material, particularly
in thin films. Scientific information obtained that would be useful
to other researchers included: the effect of different annealing
conditions on the comntrol of the stoichiometry and the conductiou
properties of (Hg,Cd)Te thin films; the Wavelepgth Dispersive Electroamprobe
Microanalysis(WDX) and x-rav diffraction method for analysis of the
structural and compositional properties of (Hg,Cd)Te thin films; the
relation of film compositional properties to changes in target com~
position, as measured under a separate grant devoted to a scientific
investigation of target sputtering phenomena.

The research had long-range applications to many preseant aud
future infrared detector programs. Among the application areas are:
(a) low cost megabit arrays for long wavelength response (%-25)
microns): (b) (Hg,Cd)Te detectors deposited on substrates containing
CCD circuitry; (c) low-cost high~speed photovoltaic detectors; (d)
long-wavelength, high gain avalanche and graded junction photo-diodes;
(e) low noise, high gain photoconductors with reduced surface trapping
effects due to either sputtered passivation layers or surface depletion

* regions formed in-field effects structures.




2.0 RESEARCH REPORT

2.1 Film Sputter-Deposition Equipment, Procedures and General
Experimental Results

The deposition of (Hg).,,Cd)Te films by sputtering is a complex
process involving consideration of the deposition system, the sputtering
gas, the substrate material including its surface chemical and physical
preparation, and other sputtering parameters involved in the nucleation
and growth of the film. Research on NJIT an the behavior of sputtered
(Hg,Cd)Te targets revealed that to maintain a sputtering target surface
with sufficient Hg concentration, Hg must be used as the sputtering gas.
It was also found that the pressure of the bombarding Hg vapor must be
about 1.2 microns or less, dependent on sputtering rate and desired X
value of the film, to maintain a target surface concentratiom of Cd high
enough to sputter awvay sufficient Cd for stoichiometric films with de-
sired X value. This low pressure requires the use of triode, rather than
diode, sputtering systems; fortunately low-pressure triode sputtering was
the NJIT approach from the begimming of this research. The following sec-
tion will discuss in detail the NJIT triode sputtering system, including
its operation and maintenance. Other sections will give details for the
preparation and sputtering of the targets and the sputtering deposition
parameters as they relate to some of the general experimental properties
of the sputtered (Hg,Cd)Te films.

2.1.1 Sputtering System

The modified Material Research Corporation 8800 sputtering system used
to deposit the (Hgj_y,Cdy)Te thin films by the triode-mode is shown in Fig.
1-1.(1)A rotating turret head accommodates 4 targets fitted with grounded
shields to assure sputtering of only the target. RF power (Pr¢) as well as
dc power (P4.) can be applied to the targets to produce rf or dc sputtering.
A movesble anode contains a resistive heater to heat the substrates to a
specified temperature (Tg) as well as cooling lines that can carry air (when
the anode is very hot) and water (once the anode is below 120°C) to quench -
the samples. The samples are placed on a copper platen and can be moved with-
out breaking vacuum from the intervac to the anode by means of a pneumatic
plunger. The anode is normally grounded through a high ifmpedance but can
also carry either dc (Vy) or rf for bias sputtering or sputter etching. The
system was modified for this research to have a triode confinement box, with
& split three-part counstruction so that the central portion is at floating
potential with respect to the plasma and therefore does not sputter. [One
end of the triode box is at ground potential while the other end is at the bias-
od filsment potential Vpc. Without the box being split by insulators the cen-
tral region would have a D.C. potential with respect to the plasma.] The sys-
tem was also modified so that slmost all metal parts exposed to the Hg vapor
are made of stainless steel, which can withstand the corrosive Hg atmosphere.
The electron flow produces increased ionization of the sputtering gas (Hg)
allowing sputtering to occur at a lower pressure. The electrons are produced
by thermionic emission from a filament supplied with approximately 65 amps at
60 hertz (Ig49). The electron flow (Idc) is collected by a dc biased filament
(V4e) at the opposite end of the confinement box. This arrangement may be
switched if the emitting filament burmns out,




The sections of the box surrounding the filaments and the filsment
feedthboughs as well as the targets are cooled with water whoss tempexs-
ture can be controlled. Temperatures are monitored by thermocouples st
the outlets. It wvas found that the filament current feedthrough cooling
lines, which previously carried only cold water, needed to carry warm
water since Hg tended to condense on the feedthroughs and cause intermitt-
ant arcing. This was a problem that plagued intial depositions and led
to eventual loss of vacuum through feedthrough insulator (teflon) soften-
ing. While investigating this problem it was also found that a gradual
buildup of conducting film occurs on the filament feedthrough insulator.
The insulator was redesigned to minimize this buildup. A regular mainte-
nance program also included cleaning thr triode box, viewing ports, the
intervac door and all exposed areas. This was determined to l(hche best
way to assure trouble-free runs and to minimize contaminants.

The mercury pressure (Pg_) is monitored with a pirani gage. The mer-
cury source is a pool of mer §ty in a stainless steel bottle connected to
the vacuum chamber via a valve. The mercury pressure in the chamber is
controlled by heating the bottle with a resistive heating tape. To pre-
vent condensation, the walls and roof are also heated with resistive tapes,
gshown as resistors in Fig 1-1. To maintain a constant flow of wmercury
(and as a coarse control of the pressure) the gate valve angle is adjusted.
Sometimes argon is needed to increase the pressure high enough to ignite the
plasma. After ignition the argon supply is shut off and system is allowed to
purge itself.

To obtain a "good" vacuum both before and after sputtering, the system is
heated to accelerate outgassing. The criteria for good vacuum, that 1‘6 ade~-
quate for sputtering, was both a low base pressure (less than 1.0 x 10~ 'rort)
and a long rise time (greater than 2 minutes). The r:lcc time (t, 4) v
defined as the time for the pressure to rise to 10 x 10~6 Torr (on tke ion:l. za—
tion gage) with the gate valve closed and the gystem cold. It was found, how-
ever, that it was better to leave the heat on continually since more ocutgassing
can be accomplished and the chamber will be ready to sputter sooner. Also,
this method saves time on the day of sputtering since no time is required wait-
ing for the system to heat up. Of course the rise time is much shorter with
the chamber hot; therefore, a new hot rise time (t.y.,) was used. It is defin-
ed as the time for the pressure to rise to 5 x 10"5 %orr with the gate value
closed. It was determined that in this case a rise time of at least one minute
was satisfactory for sputtering.

2,1.2 Targets Materials and Fabrication Procedure

The fabrication of many pressed-powder targets was required to deposit the
large number of filme required for deposition and annealing methods for optimi-
zing the properties of sputtered (Hg,Cd)Te films. Altogether sbout 80 target
discs of (Hg,Cd)Te were fabricated batwaen 1977 and 1982 for film deposition pur-
poses. These targats were almost all made by the relatively inexpensive method
of pressing powder mixtures, obtsined by grinding HgTe and CdTe polycrystalline
ingots, into relatively firm discs, 5.7 cm. dismeter, epoxied onto five inch
dismeter backing plates. PFigures 2 snd 3 show the details of wounting
the target disc in the sputtering system. The average sizes of the lgTe and CdTe
particles were about 9 and 7.3 microns respectively. A plot of the size distribu-
tion is given in raference 2. The 5.7 diameter diacs were usually 0.3 ¢ thick
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and nade with an 80 ton press in the NJIT M.E. Lab. Dats on the densities of

target discs (before sputtering) versus applied pressure, % ghh.htu ad
composition were obtained in the ARO research and reported.”’”*" [Typical re-

sults for discs with X=(Q.25 compogition were: for 7.72 cm dimmster, 0.42cm

thick discs, a denaity of 5.6 g/ is obtained with an applied pressure of 0.4

x 108 nevtonl/%; for 5.72cm 4 ter, 0.}65& thick discs, a density of 6.8

g/cd 18 obtained with 1.6 X 10° newtons/y spplied pressure; for 2.86ecm dismeter,
0.15ca thisk discs, 3 density of 7-7.15 g/g,. is obtained with an applied pressure

of 2.16.10° newtons/§. To obtain the same densities for X=0.2 discs requires

only about 90X of the applied pressure for X=0.25 discs.] More important than
applied pressure in fabricating good targets, without cracks and soft aress, ara

the techniques for leveling the powder in the die before pressing and the tech-
niques for remov the disc from the die after pressing the powder. As detailed

in Bourne's thesis' )a key factor is waiting several hours to let pressurized air
escape from the die-disc interface before opening the die for removal of the

disc. If this is not done, tiny and even large cracks appear on the target sur- ,
face resulting in material from the target falling on growing films during sputter- |

ing.

The economics of the pressed-~powder target approach to sputtering thin films
can be gseen by the following example. A 40 gram X=0.2 disc, about 0.3ca thick,
requires 33.82 grams of HgTe and 6.18 grams of CdTe. The cost of 300 grams of
HgTe purchased from Atomergic Chem. Corp., Plainview, N.Y., was $500 or $3 per
gram, up from a cost of $2.35/gram in 1978. The cost of CdTe powder from Two-~
Six Corp., Saxomburg, Pa. was $1.55/gram betvween 1980 and 1982. Thus the cost of
the materials for a 5.7cm.. 0.3cm thick target is only $111.04. This target can
sputter 10-15um thick films on Si substrates over a 150 uﬁ area in the NJIT cri-
ode system before a groove erodes through to the stainless steel backing plate.
[The groove is caused by a stainless steel mask, positioned in front of the tar-
get, vhich focuses the ion beam near the edge of the disc.] The target would
last three times as long if the sputtering system had been originally designed
for 5.7cm rather than 12.7cm diameter targets. A similar target made from poly-
crystalline (Hg. s Cd,2)Te material, which is difficult to purchase, might cost

more than $3000.

A problem with the sputtering approach is the purity of the available start-
ing materials. The HgTe and CdTe materials purchased for this research (prices
given above) were guaranteed to be only five nines pure. With this purity, un-

coﬂmatod filme with impurities and carrier conceatrations at best in the
10*/ca"3 range can be obtained by normal (no substrate bias) sputtering methods.

- .

An important factor to save time and vacuum problems whem doing sputtering
ressarch, is to be able to change targets withowt bdreakiag the main carget vac-
wm seal, which in the MRC 8800 requires 3 to 4 hours of labor. A new target de-
sign vas tested and implemented that ensbled (Bg,Cd)Te discs mounted outo special,
thin stainless stesl backing plates, with recessed grooves for ths discs, to be
mounted into the front of the main, wodified MRC backing plates. The total tar-
get system required 3 stainless steel pieces per disc, but provided a low thermal |
inpedance for the dissspsted target power. The details of the design are given in

reference 2.
2.1.3 Summary of Research on Chemical and Physical Charges of Sputtered Targets

Extensive resesrch on the physical and chamical charges of sputtered targets |
was done undexr sponsorship of the Army Ressarch Office, N.C. and reported ia detai
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in references 2 and 3 and summarized and updated with recent results in ref-
erence 4. For brevity, the major results of importance for thin film deposi-
tion of (Hg,Cd)Te will be just summarized here. One result from this research
was that most of the pressed powder particles of HgTe and CdTe tend to fuse
together forming (Hg,Cd)Te, although large cones formed on a relatively smaller
number of particles greater that 30-40 microns kept their original composition
of HgTe and CdTe. The dynamic changes in the distribution of Hg,Cd, and Te
atom in the 1000-3000 & thick target region (altered layer) influenced by Hg
bombardment of the target surface were studied as a function of Hg sputtering
gas pressure. [The targets used in this study were flat polycrystalline pieces
of (Hgp,g,Cdg 2)Te ingots empoxied onto pressed-powder surfaces. The distribu-
tions of Hg,Cd, and Te atoms as a function of sputtering time were obtained by
the combination of slow backetching of the ingots with dilute Bromine Methanol
solution at 77°K and XPS (X-ray-induced photoelectron spectroscopy) surface anal™
ysis of 10 § depths]. One conclusion from this work was that Cd tends to be
completely depleted from the target surface when the sputtering gas pressure
rises above about 1.2 micron. This result explained the poor £ilm results for
Hg presgures above 1.2 microns with applied rf target power densities of 3-10
watts/cie It was also found that the time for the target surface (first 109
to reach equilibrium is less than 5 minutes-:a longer tm’ yet unknown, - is: re-
quired for the pressed powder particles to fuse together to form (l;.Cd"te. A
first order math model to describe the altered layer formation and its growth
with time was developed. The model accounts for removal of the three different
atoms by sputtering, the influx of Hg from the target surface, and the diffusiom
of atoms into the altered layer from the bulk region with constant composition.
Six diffusion constants and coefficients for the model were found by curve fit-
ting the experimental results.

2.1.4 Substrates and Their Preparation

The substrates used in this research were low-cost, high resistivity silicon
(2 to 3 dollars per wafer), expensive CdTe ($150 for each 0.9cm square, 0.2 cnm
thick substrate) and precleaned glass slides. Each Jeposition run had 10-15 sub-
strates pieces of Si, of sufficient size for either Hall-effect or optical measure-
ments, glass slides, and often one CdTe substrate. The glass slides were used
mainly to prevent deposition onto the platen, from which films could peel off
during the deposition run. Because sputtered (Hg,Cd)Te films even on glass sub-
strates tend to grow with (1ll) surface orientation, as determined by X-ray dif-
fractometry, Si substrates with (111) surface orientation were used. Most of
the wafers were from two n-type batches with resistivities in the 70-90 and 1000-
3000 ohm-ca range. The CdTe substrates, having little or no native oxide, requir-
ed no preparation for sputtaring other than to be "dusted of" with compressed
Helium. The silicon substrates, however, are received from the manufacturer with
a micron or two of thermally grown oxide. The oxide stripping procedure used
was standard for all runs and is as follows: a) etch 20-30 minutes in hydrofluo-
ric acid under a venting hood; b) rinse in methanol; c) rinse in trichlorethy-
lene; d) rinse twice is igsopropyl alcohol; and e) transport to intervac immers-
ed in fresh isopropyl. For some deposition runs, the samples were left submerged
overnight in the isopropyl alcohol (to allow the substrates to bs prepared the
day before the run) to inhibit room temperature oxide growth. It was found that
this chenge in procedure did not affeet film rasults.

Loading the platen (substrates holder) was a straightforward procedure, but
one that required expeditiousness. The glass slides and CdTe were leisurely




placed on the perimeter and in the center, respectively, since there was con-
cern for oxidation. The Hall effect mask was placed on the CdTe wafer glass
chips were placed on the glass slides for thickness measurements. Then each
silicon substrate was quickly but carefully taken out of the isopropyl bath by
its edges with a pair of fine tweezers and blown dry with Helium before placed
on the platen. Hall effect masks were placed on the desired silicon samples

and glass chipes for thickness measurements were placed in different locations.
The placement of Si substrates took less than one minute. No difference in
electrical properties for films placed at different times during the one minute
Silicon Substrate Set~up time was observed. After roughing the intervac cham-
ber about 15 minutes the platen was transferred to lie on the anode which was
preheated to the substrate temperature used during the deposition. As little

as 20 or as much as 40 minutes later the shield between the samples and the tar-
get (and plasma) was removed and the samples were exposed to the sputtered species.
(The target was always sputtered for at least 15 minutes before the samples were
expogsed). The CdTe substrates were single crystal 1lll oriented square wafers
approximately 0.9 cm on a side and 0.2 cm thick. The lattice constant (5) of
CdTe 1s 6.481 :agstroms and that of HgTe is 6.462 angstroms. Assuming that the
lattice constant is a linear function of X, (5) (Hgy.§Cdy.z)Te has a lattice
constant of 6.464 angs*tom. Silicon, by comparison, has a lattice constant of
5.43 angstroms. The closeness of CdTe's lattice constant to that of (Hgy.§Cdy.2)Te
is the reason why CdTe is used as a substrate. It was assumed that the small
lattice mismatch would produce better films on CdTe than those grown om silicon
substrates. However, the results with both types of substrates were similar; the
optimization of the sputtering and annealing parameters was based on the much
more numerous Hall-effect results obtained from films on Si substrates.

2.1.5 Control of Hg Sputtering Gas Pressure

Sputtering at controlled values of Hg pressure is a difficult task which
was increasingly inportant as thia film analysis results indicated the signifi-
cant effects of Hg pressure on film properties. The Hg presaure was controlled
by heating a stainless steel bottle outside the vacuum chamber (see figure II-1)
and controlling the temperature of the walls and fixtures inside the vacuum system.
The mercury pressure was read with CVC PiraniGuage, GP 310, calibrated for Hg
and checked occasionally by a Granville Phillips Series 224 Ionization Guage.

The highest Hg pressure used for a film deposition run was 2.0 um. At this
pressure using a 5.72 cm diameter target, and an R.F. input power of 200 watts,
the deposition rate was still 2§/sec. The Hg bottle had to be heated to 46°C,
heated cathode cooling water had to be used (to prevent Hg condensation on the
three targets not bombarded with Hg), and the coldest point measured inside the
chamber was 7 to 9°C. The surface area of the g and the position of the Hg source
with respect to the pumpout port appear to be factors influencing the maximum
achievable Hg pressure. The higheat pressure obtained in this research was only
2.5 pym; to obtain higher pressures, the temperature of the chamber and the kg
source sust be raised and the temperature and thermal gradients throughout the
vacuum system monitored using many thermocouples attached to a multi-thermocouple
readometer. Heating of the chamber, when not carefully controlled, has produce
vacuum leaks. It was found that the Hg pressure continued to be "pinned" at 2.5um
by cold spots inside the vacuum chamber, even though external wall temperatures
were above 50°C and heated cathode cooling water was used. Both the film analysis
and target research eventually made it clear that it was not desireable to have
Hg pr-ssure sbove 1.3-1.5 uam for film deposition runs becuase of the depletion of

Cd from the surface of (Hg,Cd)Te targets due to the influx of Hg. Therefore
research to raise the Hg sputtering pressure above 2.5 um by heating the coldest

fixtures in the vacuum system was discontinued.




2.1.6 Film Flaking Problems

The surface of good films were smooth, shiny and uniform in all respects.
In some runs the filme appeared pockmarked and it was discovered that this was
due to flakes that fell on the films during the run. (The flakes did not ad-~
here to the film and only shielded the film under it from growing and f<~ther -
thus the pockmarks.) It was discovered (by watching the samples throug . the
viewing port during the run) that flakes were peeling off the cooper platen and
stainless steel Hall effect masks. It was decided to predeposit films on the
platen and Hall-effect shields (preferably on the day before the run, to save
time) at an even higher applied target power, 200W, to produce better adhesion.
The predeposition on the platen and Hall effect masks was also an absolute neces-
sity for bias sputtering since back sputtering of cooper or steel would contami-
nate the films. Another source of flaking that was eventually discovered was
from the target shield. Flaking from all sources increased as the deposition time
increased. This was attributed to the film relaxing to its lowest emergy config-
uration by growing with a structure with the theoretically proper lattice const-
ant. As the upper layers of the film (being less influenced by the substrates
lattice constant) coalesce into the more proper configuration, the lower layers
are influenced (energy-wise) into assuming that same configuration. The result
of this is a strain that eventually causes peeling of the film from the metal
fixture substrate. The best solution that sould be found for the target shields
was simply to clean off all previous films with steel wool or sand paper before
each run, to minimize the film thickness reached during the run.

Strain can also be induced by temperature changes due to differences in the
linear coefficient of expansion of the two materials. The rate of change of the
temperature is also an important factor. A clear illustratiou of this took place
during ome particular deposition run, 791. The substrate temperature (T§) jnadver-
tantly rose from 250°C to 265°C within three minutes. About ten minutes later,
flaking from the platen was not:i.2d. Other instances where 13 Went off track
but was allowed to return slowly to the proper setting produced no such effect.

The cause of considerable flaking in run T82 was attributed to the change in
substrate temerature after 30 minutes to 150°C from that used in the predeposition

and intial part of the depositiom run (250°C).

2.1.7 Some Experimental Results

The data and results of tables 2.1 and 2.2 are a comprehensive listing for
nineteen deposition runs made in 1980-81 by M. Mulligan and not previously re-
ported to AFOSR. Table 2~1 shows values for the deposition and predeposition
parameters most recently used in the research. Table 2-2 shows Hall-effect mea-
surements results vhich were used to optimize deposition parameters. The Hall-
effect results will be grouped and discussed detail in section 2.4, which is con-
cerned with the electrical properties of you as-deprinted films.
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2.2 STRUCTURAL PROPERTIES OF SPUTTERED FILMS

The structural properties of triode-sputtered (Hg,Cd)Te films on sili-
con substrates were studied by X-ray diffraction. The broad X-ray scans were
generated for diffraction angles from O to 160° on GE X-ray equipment (GELIGNI).
Typical X-ray diffractometry scans showing the high amount of 100 per cent
(111) orientation of some films on Si substrates with (111) surface orienta-
tion,with correspondingly good conductivity and o”ical absorption properties,
were showm on page 24 of ref. 5 and publilhod.w’ Also shown were scans for
poorly oriented films, with 200,311,331, and 422 orientations. Many diffrac-
tion measurements were done at two different magnifications in order to see
the entire height of the major peaks and also to detect the presence of short
peaks upruﬁxting orientations other than the preferred oriemtation. A typi-
cal trace is shown in figure 2.1. Results, such as shown in figure 2.2,
shovcd(ihtf)thc (444) peak had a half width of only 0.8° in highly oriented
films. "'’ This width is the same as that rtg?rted for (d4g,Cd)Te films made
by LPE that were thought to be single crystal.

Further study of the structural properties of triode-sputtered gs.Cd)‘re
films on (111) oriented S1 substrates was done at Martin Marietta.( Two film
samples, T81-S12 and T52-S9, that yielded above-average electron mobility results
were measured by X-ray beam, rocking curve analysis and Laue diffraction pattern
analysis. Broad diffractometer scans of the fi%ga 6wirhfix‘st taken and the re-
sults were identical to those obtained at NJIT.‘<*"*°? ) Rocking curve measur-
ments were then made on the Si(lll) and (Hg,Cd)Te(lll) peaks, which occur at

nearbv diffractions angles, 24 and 28°. The rocking curve measurement is done

by leaving the X-ray source and detector fixed at the angle for the specified

peak but rotating the sample about the axis which is normal to the plane of the:
source, sample and detector. The curves can be used to indicate the degree of
orientation of the (111) crystallites. The rocking curves for both (ig,Cd)Te
samples had widths of 4° compared with the 0.4° (instrument limited) width of the
Si single crystal substrate. This result indicated that Martin Marietta's X-ray |
topography scan technique, to determine the crystallite size, could not be success i
ful on the T8l and T52 films. This is because the primary beam in the X-ray to-
pography camera at Martin Marietta is collimated to within six saconds of arc,

so that only a extremely small portion of the 4° peak would be sensed by the
camera. Sx-uy topography was tried on the films and the crystallities were not
observed.] To use X-ray topography, films with a higher degree of orieatation

of the (111% S:ryluln:iu would have to be selected (or prepared). As suggested
by Dr. Beck 9), the rocking curve measurement technique should be implemented at
NJIT and the results used to select f£ilms for X-ray topography. Rocking curve
measurements could also be used to optimize the film preparation parameters.

The degree of preferred (111) orientation of some tt%odrcputuud
files as a function of sputtering parsmeters was studied 11), The re-
sults are given in tsble 2.1. One notes that in some runs the degree of
prefearred orientation was different for films on different pieces of
substrates. From these results and others, it can be concluded that the
dqruoot orientation was usually nearly 100X for substrate temperaturas
of 250°C, independent of Hg pressyre, dopoatt:los rate, snd fila x-value;
for substrate temperatures of 300 C and 1350-200C, poorer oriented films
were obtained. The value of the preferred orientation, a figure of merit,
(22)yas calculated from the powder intensity of the (111) lime (I,=100),
the sum of all intensities other than (111) snd parallel lines (IJ), th
sum of sll intensities for the starting saterial excluding the (111) aad




parallel line intensities (I,), and the intemsity of the (111) line of
the sample. (Iiii);nd(ror X zaluu- of 0.20 and 0.25, the I, values were

calculated as 336 respectively). The equation for the X pre-
ferred orientation slong the (111), PPO is:

I, I

3 "6 )
PPO= ] - x 100 - Q1
Ly ‘
Diffraction data for both CdTe and HgTe powders, constitut ‘ th; stafting

material for the targets, were taken at NJIT and reported (23), as the
values in the ASTM card files were found to be old values in error.

Change in preferred orientation with annealing in atmosphere was
briefly studiedgll) Sample T52-S17 had no noticeable g:ange 13 the 1002
preferred orientation after amnealing. Sample T74-S15 showed a slight in-
crease from 91.5 to 93.2% after amnealing. (The annealing conditions for
these samples are given in gection 2.5.2).

Determination of the size of the crystallites in the films was also attempt-
ed by chemical etching techniques. The samples were chemically polished and etch-
ed to bring out the grain boundaries before SEM photographs were taken. The
polish and etch mixture consisted of a solution (by volume) of 15 parts concen-
trated nitric acid, 15 parts distilled water, 1 part concentrated hydrochloric
acid, and one part of 5% bromine in 957 methanol. The etching was done for abouc
10 seconds for each sample prior to silver pasting them onto aluminum mounts for
insertion into the SEM. The results for the samples studied indicated that the
gr zzifg)was at least 1 micron. Etched vertical lines as shown in these sam-
Ples ’ were not observed when the same chemical etching treatment was app-
lied to annealed film samples, indicating that the grain gizes of the annealed
films were much greater. Direct observation of the crystallites by some tech-
nique, such as X-ray topography, is required before a firm conclusion on the
effect of annealing on grain size can be drawn.

13
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2.3 DETERMINATION OF FILM COMPOSITION BY ELECTRON:
MICROPROBE AND OPTICAL ABSORPTION MEASUREMENTS

The compositions of six sputtered films with different X compositional
values, were determined by two methods: relatively expensive, wavelength dis-
persive electron microprobe analysis and optical absorptiomn curves obtained
from IR transmission measurements, The dual measurement approach was neces-
sary to confirm the measurement accuracy of each method; it was useful in that
it ultimately showed that as-deposited films were p-type even though the Hall
coefficients were negative. Optical absorptior curves were also calculated theo-
retically, accounting for the possible Burnstein Moss shift due to filling of
the conduction band states by free-carrier electrons, and compared with the ab-
sorption curves found by experiment. The results of the two compositional mea-
surements showed that the X value of triode-sputtered (Hg)-xCdyx)Te films usually
matched that of the target in the 0.18-0.25, within the accuracy of the measure-
ments which was less than four percent.

2.3.1 Theory and Procedure for Optical Absorption Curve Calculations

Optical absorption in narrow semiconductors can be calculated by the k.p
theory which uses time~independent perturbation theory for solving the, energy
eigenvalue equation. The k.p theory was successfully applied by Kaneu' ) to
calculate the energy bands in InSb. The method was extended to calculate the
optical absorption in other narrow gap semiconductors, particularly (Hg,Cd)Te.
The theory of optical absorption in (Hg,Cd)Te is reviewed in detail in reference
11 and will be briefly discussed here.

The total absorption coefficient, a, in (Hg,Cel)Te can be written as

a-Bllhh a'hh+wlhalh (1)

where BMy;, and BMy}, are the Burstein-Moss factors for the heavy hole (hh) and
light hole (%h) valence bands. The BM factor given in equation 2, can cal-
culated for different incident angular frequencies, w, if the energy gap, Eg»
and Fermi level, F, are known.

- (-
m'l q.(%) (2)
1+q(‘mj+u) 1+ exp Ko+ B - 27
~ ( 2 kt ) ( 2 kt )

The Fermi energy, measured with respect to the valence band edge, will be a
function of temperature and carrier coucentrations and can exceed the bandgap




energy ( F>E.) for degenerate n-type material. In the degenerate situation,
the BM factor 1s less than 1, O/ decresses, and there is a shift of the ‘absorp-
tion edge to higher incident energies as shown in figure 3.1. The Burstein-
Moss shift is only significant in n-type films because of the sharp curvature
of the conduction band compared with the valence band. For p-type films, the
Ferai level goes only slightly below the valence band even for very large hole
concentrations, i.e. greater than 1018cm~3. The Ferni level was calculated for
a gim free electron concentration by first calculating the Fermi-Dirac inte-
gral ) given in equation 3 bdelow. '

F(:.n)--z— fxs(l‘.::.)‘l (1+-2E_§.)d:“
/v Jo

1l + exp (x-n)
wvhere F(c,n) = g?;
Egkr |3/2 (3
Ne = 2
N sxp?
n ] Ei
kT
F-E
e =n —-2
kT -
and X = EET' where E is energy above conduction band

minimum,

The quantities n,n,c, and x are the free electron concentration, reduced band-
'8a8p energy, reduced Fermi energy and reduced energy above the conduction band
minimum respectively. From n and F(&,n), a corresponding value of € can be
looked up in Bebb and Ratliffe(13) and the Fermi energy found. Fortran programs
were written, Appendix A, to calculate the absorption coefficient at different
incident energies for mercury cadmium telluride films of known band R8p energy
for a)non-degenerate p-type films and b) n-type films with ?:wen ffce electron
concentrations. The programs used the following constants 14,15,16): the
matrix element between valence and conduction bands,8.5 x 1C~8 eV-cm; Mphs the
aeffective heavy hole mass, O.Amo; and €», the dielectric constant, 12. Curves,
such as figure 3.1 were calculated(ll) for compo ’tiou x=0,18, 0.20, 0.23, and
0.25 for free electron concentrationsof 1016, (.)I , and 1018c2™3. The curves in
fig. 3.2 were computed for intrinsic material. The values of the bandgap energy
for different values of the compositiomal parameter, x, were obtained from the
empirical relation of J. Schait and E. Stelzer: (17

Eg(x,T)=\59x—-Q25+523Y6 )T(-200) + 273

18




2.3.2 Experimental Procedure for Optical Measurements

Transmittance of samples was mesasured on a Perkin-Elmer Model 457 dual-
beam infrared spectrophotometar. The samples were placed in the sample beam
aperture and a plain substrate wvas inserted in the reference beam aperture.

The plain substrate used as optical reference was of the same specifications

as the ssmple substrate. Not only did the optical reference substrate atten-
uate the reference beam to permit the transmittance measuremsnts of highly ab~
sorbing (Hg,Cd)Te films but it also cancelled the effect of sample substrate
absorption. The resultant dats, therefore, represented the transmittance through
the (Hg,Cd)Te film only. In case of thick substrates, the measurements were
made in slow scan mode and frequent checks (as recommended by the manufacturer

of the instrument) were made at a number of different waveleugth to ensure acc-
uracy of data.

Sample thickness t and transmittance ratio I at several different wave-
lengths on the optical scan were used to calcnlaterﬁha optical absorption coe-
ffictients @ by the formula:

a =t ea (1/1,) (5)

The reflectance of the samples was ignored in calculating the absorption
constants because a) the refractive indices of the plain silicon substrates
were approximately the same as those of the film samples and b) the sample sur-
faces were as mirrorlike in appearanceas the plain substrates in the reference
beam. The reflectance of Si is calculated as 0.299 for a refractive index of
3.42 (obtained from the accepted dielective constant of 11.7). The reflectance
of (Hg,Cd)Te is 0.304, using refractive index of 2.46 corresponding to a di-
electric constant value of 12, Thus the difference in air-reflectance of the
two semiconductors is only 0.005, which has no effect on the measurement.

2.3.3 Optical Measurement Results

Figures 3.3, 3.4, and 3.5 show absorption curves calculated from transais-
sion data for five samples from rumns T49, T67, T69, and T74. The available elec-
tron microprobe data for these samples were used to calculate the compositional
parameter X and bandgap (from equation 4 of section 2.3.1). PFrom the value of
the bandgap, the theoretical absorption curves were plotted. The closest fit to
the experimental data was obtained only by assuming the film samples were non-
degenerate p-type. This agreed with the fact that the samples were all as~depo-
sited, unannealed, films which were found from Hall-effect messurements to have
either p-type or mixed conduction. Therefore the optical behavior of the films
vas in agreement with the electrical measurements.

Although the absorption edges for the samples are not quite as sharp as
predicted by the optical absorption theory which assumes perfect howogeneity,
the experimental absorption sdges are sharp encugh to indicate good composi-
tional uniformity in the area of the film exposed to the infrared besm. As
previously reported (7,25) the sharpness of the sbeorption edge compares
favorably with data reported by others.(24)

The compositional uniformity of triode-sputtered films was further imvestigated
through microprobs snalysis by determining compositions at a sumber of poiats
on the film surfaces of samples of various shapes sbout éam? or more in ares
and the compositions wers found to be the same.

19




The 'x' values of five samples vere estimated through the experimental
optical data by two different methods described as follows: (1) The experi-
mental absorption curves were compared with the closely spaced (interval Ax =
0.002) theoretical absorption curves for intrinsic material with 'x' values in
the neighborhood of the expected composition;ii) the incident energies at a=
1000ca™! from the absorption curves were used as the bandgap energies Eg
the corresponding 'x' values were found from Schmidt and Stelzer equation.
use of these two procedures for estimating the 'x' values is showm in fig. 3.6.
It should be pointed out that optical measurements require a sample with about 1
square cm area, wvhile Hall effect samples are smaller in size and have different
shape. The optical samples, when subjected to annealing, tended to peel and pro-
duce pinholes. It was therefore not possible to make optical measurements on
annealed samples, which were known to be n type. The peeling problem is one that
can be solved with time and optical absorption measurements of n-type films
should reveal a Burstein-Moss shift of the absorption edge.

2.3.4 Procedure for Determining Film Composition by
Microprobe Analysis

The composition of films were measﬁied very accurately by Wavelength pis-
persive Electroprobe Microanalysis (WDX) 8) at Structure Probe Inc. using stand-~
ards of known composition. WDX spectroscopy is considered a more accurate method
than the more commonly used energy dispersive x-ray (EDX) spectroscopy. (19,11)
Both methods use an incident electron beam on the standard and the specimen to

be measured. Energy dispersive x-ray analysis (EDX) uses an x-ray detector whose
output pulse amplitudes are proportional to the energy of photons emitted from

a standard and the samples being measured. The output pulses are then processed .
in a multi-channel analyzer for determining the quantities of the various elements ]
in the sample. On the other hand, wavelength dispersive x-ray analysis (WDX)
uses crystal spectrometers (preset at known Bragg angles for the elements being
measured) to measure the wavelength and the intensities of x-rays from the sam-
ples and the standards after the x-~rays are scattered from a crystal built into
the spectrometer.

-The accuracy of the WDX techniques is due to three reasons:

1) WDX eliminates the possible error due to any extraneocus high-energy
particles in the system because it relies on detection of x-ray
wavelengths rather than the measurements of energy s cattered from
the sample being analyzed:

2) WDX detects and measures only one element at a time thereby ensuring
better accuracy;

3) Since WDX electrom microprobe is especially designed for quantitative
work rather than producing high-resolution pictures, the curreat
source of electron microprobe is much more stable than the curremt
source of an SEM used in EDX analysis.

The accuracy of the WDX is dependent on the accuracy of the standards.
The best available standards were obtained by NJIT from Joe Schaidt of
the Honeywell Research Center in Bloomington, MN. These standards were
prepared by solidification of molten mixtures of weighed quantities of
Hg, Cd and Te. The precision of the density measurement of these standards
vwas vithin +0.01Z. The composition was then determined by using Wooley and
Ray's composition vs. density curves(20,21). Because of the inclusion of
Hg droplets in the standard ingots, the accuracy of the composition of chese
standards vas estimated to be within +0.7 of a mole precent. In any case,
according to Schmitt, it is not worse than +1.0 mole percent. The composi-
tion of the standards ranged from x = 0.10 to x = 0.50. Their valuss were
verified at Structure Probe dy using HgTe, CdTe, and Te standards.
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The experimental WDX procedure used at Structure Probe Inc. was as fol~-
lows: The samples were epoxied on a metallic mount with a highly polished
surface. The standards were also arranged in a similar manner. The samples
were inserted into MS-46 electron probe microanalyzer of CAMECA Instruments,

Inc. and the column was pumped down to less than 1 x 10-4 torr for analysis.

The vacuum within the spectrometer itself was less than 1 x 1074 torr. To
decreagse the diffusion of Hg away from the electron beam the samples were cool-~
ed using an anti-contamination cold finger to -100°C during the analysis. The
analysis was done at a beam voltage of 20 Kv and a specimen current of 100 nA.
The analysis of the samples was done in two steps. First, intensity readings

for all three elements were taken on the standards, then the sample, and again
on the standards. In order to ensure the independence of the composition measure-
ments from surface morphology, three regions were taken per sample, and three
readings were taken per region. This approach also ensured good statistics as
well as compensation for current loss during analysis. Atomic percentages of the
elements were calculated from the intensity readings by a computer program which
took in account the necessary corrections of data for atomic number, abaorption
and fluorescent effects during analysis.

2.3.5 WDX Microprobe Results

The atomic percents for Cd,Te, and Hg found by WDX electron microanalysis of
six sputtered thin film samples are given in table 3.1. Five different methods
Rt? ”od to calculate the compositional parameter x from the atomic percenta-
ges 11},  These methods are shown in appendix B. The results of these calcula-
tio” methods are shown in table 3.2. Method IV was selected as the procedure for
calculating the X-values of the films for three reasons: First,it yielded results
for the the (Hg,Cd)Te standards, whose compositiouns were determined by precision
density measursments at Boneyvcll,zo that were in closest agreement with the
Honeywell values; second, it is the widely accepted as the
standard procedure by industrial researchers; and finally because the results agreed

most closaly with the "x value" of the sputtered target based on the relative
percent of CdTe powder particles and the results obtained from the optical measure-
ments. In order to estimate the accuracy of the WDX measurement at the S.P. Inc.,
the five Honeywell standards with x values of 0.217, 0.212, 0.320, 0.245, and
0.165 ware measured using pure HgTe, pure CdTe and pure Te standards and calculat-
ed by procedure (iv) as 0.209, 0.216, 0.323, 0.247 and 0.159 respectively. The
discrepancy between the two sets of value ranges frow’ a minimum of +0.82% to a
maximum of +3.69%.

2.3.6 Discussion of Compositional Results Obtained by Optical
and WDX Measurements

The bandgap energies were calculated from the compositional parameter x
found from WDX measurements, using equation (4) of section 2.3.1. These values
are given in table 3.3 and compared with the bandgap energies calculated from the
optical absorption data, using the bandgap value for a =1000 ca~! (method ii in
section 2.3.3). The two methods of finding the bandgap from absorption data
give nearly identical values as can be seen by comparing the composition values
calculated from the Schmidt and Stelzer equation using the bandgaps found from the
two optical methods. These values are given in the first two columns for composi~
tion in table 3.4. From table 3.3, it can be seen that with the exception of
sample T69~87, sputtered using an X=0.27 target, the bandgap ensrgies are very
close and certainly within the +5% accuracy of the WDX measurement. The source
of discrepancy for T69-S7 may either be a slight error in the measurement of thick-
ness and/or the electron microprobe measurement having an error of wmore than +3%
because of the sample 'x' value being more distant from those of the standards
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(x=0 and x=1) than for the rest of the samples. Table 3.4 compares the x values
calculated from the absorption data and WDX microprobe measurements with the x
value of the target. [The reader is reminded that the target x value is the mole
percent of CdTe particles in the powder mixture of HgTe and CdTe and that research
indicated that most of the particles fuse together to form (Hg,Cd)Te. The un-
certainty in the target x value is due to the weighing and mixing procedures in
fabricating the target.] With the exception of samples T74-S1 and T64-516, the

x values for all samples were within the possible total error due to the imaccu~
racies of the microprobe measurement and target preparation procedures. The com-
positional values for these samples were only 0.006 and 0.005 outside the possible
range of error. It can also be said from this limited data that there may be a
tendency for targets with lower x values (e.g.x=0.2) to produce films, under the
sputtering conditions for these samples, with x slightly greater tham 0.2 while
films made with higher x values (e.g x=0.25) may be depleted of Cd. More sputter-
ing experiments and more accurate compositional measurements are required to see
if this tendency is real.

From the results in tables 3.3 and 3.4, it can be concluded that the composi-
tion of sputtered films in the compositional parameter range of 0.2 to 0.27 (and
most probably over a wider range of 0.18 to 0.3,) can be controlled to match the
target x value. [The results shown were the only results obtained due to the cost
of the WDX measurements, about $150 per sample.] Thus it has been shown that by
simply changing the relative volume of the CdTe and HgTe particles the film compo-~
sition can be shifted to any desired x value. From the results in tables 3.3
and 3.4, it can also be concluded that optical transmission measurements, which are
much less expensive and faster than the WDX measurements, can be used to accurate-
ly measure the film x value.
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Table 3.1: Atomic Percents Pound by Electron Microanalysis*

Mo. Sample
1. T-74-815
{Annealed)
2. T=74=-81
3. T=49=87
4. T-64-516
S. T=67-54
§. T-49=57

Tellurium Cadmium

52.48

55.47

54.38

$2.23

$3.93

$3.59

s8.71

7.07

9.29

9.83

7.02

10.35%

Marcury

8.4

37.45

36.36

37.94

39.08

36.06

*The msasurement technique permits accuracy within +5%.
Bowever, the precision (repeatibility) of the equipment

used is within +0.1%

23

e It N,




<guor3ysodwoo 3061wy Jueseides weseyjueaed uy SenyeA

zz o s1°0 1270 0z°0 -0 stT°0 (A)
9z°0 0z°0 t€@o sz°0 €T 0 1w'o (a1}
61°0 £1°0 61°0 Lo £1°0 Lreo (¥¥7)
b 4

) st°0 zz-0 €2°0 oz 0 oz°o (131) ~
12°0 o 0z°0 61°0 "o Lo (11) :
L8~692 »8-L9% 915-994 LS-6¥3 18-9L3 STIS-¥Ld

’ s v ¢ t 1 ordweg

1°L TIGVE RI SINIOWEA DINOLV WOUS GEIVINDTIVO SINTIVA X NOILISOANOOD 12°¢ TTONE

| .

g P R A s e AR G 3 2




8z'o weo L8-694 ‘9

91°0 99170 »8-L9% i

- €07°0 918-994 ‘Y

otz°o 9220 L8-6%d ‘€

16t°0 L61°0 s-ri& i 4

__SiT'0 \nan{ SIS-VLd b §
1-%0 0001=0 3¢ pPansvow L.Q.Eouo«n
ojvwfise feoyado wox3 pejegnores

(a®)
Abaouy debpueq oydues ‘ol

sepdwes wWii} U4 jo soybieue debpueg :E°C. oTqed

25




900°F0L2°0 10°0792°0 vz‘o 6€Z°0 L8~-69% °9
»00°0%002°0 10°0%0Z°0 v0Z'0 002°0 v8-L9L ‘s
$00°0¥0S2°0 10°0+€Z°0 - - °"3-193 o J
$00°070SZ°0 10°0+2Z°0 1 1244 °€T 0 L8-693 ‘€
y00°0%002°0 10°0%z2°0 1Ze°0 612°0 18-9L8 i 1
¥00°0+002°0 10°0%1Z°0 60Z°0 202°0 v-S18-9¢3 °t
obawy #qo1doIoTH  (TT)Tedt3de (7)) (woyido
Uyo13o01y
1%, UoyiIysodwo) ordavg ‘o

SpoyIow Juolej3Ip Aq poinsvow sv ,X, SUOTITEOIWOD

-Q-ﬂ ojqes

26




g

ABSORPTION COEFFECIENT (cm™)

S

T ¥ rryy

v

’“o 3.1:

-3

X=0-20 AT 300°K
N TYPE

i 8 . & - 30 ‘32 34 38 -

INCIOENT ENERGY (ev)

Calculated Optical Abserption Curves
showing Burstain-ioss shift for a-type
"o.to“o.z!" with Rlectron Concentra-

€, 107 ana 203"l

tions of 10




IR N
-~

ABSORPTION COEFFECENT (cw™)

TrIvrr

L)
IR IR R AR

‘¢ s -20 22 -2¢ 26 28 - 38 38
INCIDENRT ENERSY (ov)

rig. 3.2: Caleulated Optical Absorption Curves for
Iacrinsic "l-x“x“ with X = 0,18, 0.20,

0.23 and 0.258.

T 7

€0 2

28

DR T K s, oo
NSRS RIR L e e

BT IS -

g
aadl gt AL 4




IO‘ S
3 T=-67~- 84
; MEASURED X 20.20
s TARGET X =0.20
o >
T
. >
e
h >
2
-
v 3
: 10 [
‘ p
- o
S
@
: 3
-
) E b -
2 ‘*\ iv : L
3 a
2 < e T« 49 - 87
- 4 MEASURED X=0.23
; s TARSET X=0.28
J0 A - - -

' 0 12 i4 s J8 .20 .22 .28 .2¢ 20
INCIDENT ENERGY (ev)

Pig. 3.3: Comparison of Thecretical Absorption Curves
(salid Curves) for Hg,_,C4.Te with X = .20
uaozsnmubynncau be

and Rxperimental Absorption Data (circles)
for lapln T67-84 and T49-357 respectively.

29

q .-.‘71:-*‘—&‘:“ it




e A T

5
!

;
S * W
e

T7¢ - 9%
o'l MEASURED x = 0.23
- TARGET x,- 0.20
- |
]
: o
-
2 a3
w 1Q t
Q 3
w [ /
:-. - / / TGE9 - 87
o - HHEASURED X=0.28
S 54 4 TARGET X=20.27
z .
: o
[
& a2
‘ « 10 -
. Q s
\ [ ] 9
e L
‘ -
) £ . e . - -
A8 48 22 - 1 ] .30 34
INCIDENT ENEREY (ev)
rig. 3.4 ison of Theoretical Absorption Curves
(o0, curves) for X « 0.2) and 0.2¢ as ssasured
by Rlectron Microprobe and Experimesantal Absorpetion
Data (circles) for Samples 7T74-81 and 76987,
30
- e R DY e

i e Ry W
I IR eSS




A
o om

.
R L Ry

Sy

ABSORPTION COEFFECIENT (cm~ )

10t b T-74- 318
MEASURED X =0.21
E TARGET X s0.20 /e/
[ 7
3
IO3 N
:
03t
P
30 - ! A —n
A0 Je Je 42 26
INCIOENT ENERSY (eov)
rig. 3.5: ison of Theorstical Absorption Curves
(solid curves) for x;‘o.u a8 Bsasured by
tion Data (circles) for samples T74-$18.

31

e e 2
e




ABSORPTION COEFFEGIENT (om~')

L F T el

T V T3 hses

Eg».191 ev
X=0-22f FROM
EGQUATION 4

N T | 3 11?1

a7 J8 19 .20

21
INGIDENT ENERSY (ev)

rig. 3. 63 Use of Optical Curves for Detesmining
Energy and Composition of T74-81.
culated Abeccption for 6, 0.218 and
0.220 is shown by Solid Curves and Circles
represent Experimental Absorption Data.




S A

W T Rl W G AR

2.4 DEPENDENCE OF ELECTRICAL PROPERTIES OF SPUTTERED
FILMS ON SPUTTERING PARAMETERS

2.4.1 Introduction

The data presented in tables 1.1 and 1.2 were obtained with the objective
of studying specific relationships between electrical properties (particularly
Hall-effect mobility and carrier concentration) and sputtering parameters (e.g.
applied rf power to the target, Hg sputtering gas pressure and substrate bias
and temperature). Understanding these relationships is the key to optimizing
sputtering parameters to obtain a particular film property. The properties that
were the main objective of the optimization of the sputtering parameters were
high electron mobility, and low free carrier concentration (necessary for high
mobility). Since electron mobility is a sensitive function of crystal quality,
obtaining high electron mobility would prove that the films had properties simi-
lar to bulk single-crystal material and that the conduction properties of sputter-
ed films could be controlled. On the other hand, low electron mobility may be
due to many factors that can be potentially eliminated with further sputtering
research: a) Hg or Cd vacancies in otherwise high quality crystals due to un-
optimized Hg gas pressure and substrate temperature. The vacancies can cause
the films to be either p-type or compensated; b) acceptor-like impurities due to
impurities in the starting target materials not completely removed by substrate
bias; c) poor growth conditions at Si-film interface causing a high density of
crystal defects. This could be due to unoptimized substrate surface preparation
methods. The cause of low mobility can be difficult to pinpoint because the type
and level of impurities in (Hg,Cd)Te can not be directly measured.

2.4.2 Hall-effect Measurement Equipment and Procedure

The theory of the Hall-effect and the Van der Pauw method of Hall measure-
ments are described in complete detail in NJIT theses and will only be briefly
discussed here. The geometry and dimensions of the Hall-effect film samples
are shown in figure 4.1. The four outer diameter areas (labeled A,B,C,D) serve
as pads (evaporated indium) that are contacted by mechanical probes. Two oppo-
site, narrow arms feed constant current, lmA, into the central film region (whose
resistivity, carrier concentration and mobility are measured) and two arms act
aslzxtrenely low current carrying, point contact, voltage probes comnected to a

0°" input impedance digital voltmeter (Keithley 616 electrometer). A digital
potentiometer-thermometer (Omega model 400A), a water cooled dc Varian electromag-~
net (that provided magnetic fields between 100 and 5 kilogauss), and a vacuum-
evacuated dewar with a cold-finger probe holger complete the apparatus. Figure
4-2 shows an improved probe assembly holder(l), [It was recently further modifi-
ed so that two samples on opposite sides of the cold finger can be tasted in a
single vacuum punpdoun.] The old assembly is a standard method that has the dis-
advantage that the probes can not be individually positioned or pressure adjusted
and all four probes must be simultaneously positioned over the sample, which can
be viewed only from the side. With vertical probes, the sample can be easily
damaged by puncturing the indium d?f’ and underlying film during testing. With
the berrilium-copper probe design, the contacts to the pads are easily made
and observed. Wiring to the pressure adjusted screv is conveniently msade. Olmic
behavior of all contacts was verified before msasurements were made.

With the VanderPauw method, values for the resistivity and Hall voltage can
be calculated from eight measurements. With no magnetic field, four measurements




are made: First, current 1s injected from A to B and the voltage between con-
tacts D and C is measured; second, current is injected from B and C and the vol-
tage between contacts A and D is measured; the third and fourth measurements
are made by injecting current from B to D and then D to B, each time measuring
the voltage between contacts A and C. The final four measurements are done by
repeating the last two measurements with magnetic field in both directions. The
resistivity is calculsted from the first two measurement values using equation 1.

t 11+12
p-%n-zuzL—]—f

1)

Where t is the sample thickness in cm., [1] and [2] are the voltage values from
the first two measurements, I is the dc current, and f is a correction factor
obtained from the ratio of [1] to [2] using a standard curve. The Hall voltage
is obtained from equation 2 using the voltage values of the last six measurements.
Equations 3 are used to calculate the Hall coefficient (Rp), free carrier mobilit:
(square cm per volt second) and free carrier concentration (carriers per cubic cm’
based on the assumption of single carrier, noncompensated material. If Vg is ne-
gative, the carriers are electrons. The magnetjc field, B, is in webers per
square cm for the above units, (one gauas = 107° webers per square cm.)

Vg [ [53-[33 )+ Qel-Qad |+ [7]-[ad}|+]|[81-[3]11] (2
4
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The weasurements are repeated at several temperatures between 300 and 77°K. The
temperature of the cold finger can be quickly lowered by pouring & small amount
of liquid nitrogen, which evaporates into the dewar flask. Because of the large
number of messurements necessary for this research, the equations were programmed
on a calculator for quick computation of the material properties from equations
1,2, and 3, Measurements and calculations for five temperatures in the 80-3000K
range can be obtained in leas than one hour.

2,4.3 Hall Mobility of Sputtered Films Versus Film Thickness

Two pairs of deposition runs listed in table 1.1, at the end of section 2.1,
(T75-177, T86~T87) had identical key sputtering parameters: applied rf target
pover (.r), substrate temperature (Ts), and Hg sputtering gas pressure (Pyg).
The runs differed only in length of time. The rate of deposition (thickness) was
not measured for each run but the rate can be assumed to be about 0.8 um/hr for
Pr¢ = 75 vatts. In both pairs of runs, the electron wmobility is greater for the
thicker films. The cause for the decrease in mobility with decreasing film
thickness could be attributed to the increase in surface scattering; however, the
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mean free carrier path (and mobility) is believed to decrease c¢ven more rapidly
with film thicknesa due to the effect of decreasing grain size with decreasing
film thickness. SEM photographs of the sides of etched £11ms(5) indicated that
the grain boundaries, perpendicular to the substrate surface, were more dense
near the film—-substrate interface and that the grains become larger away from
the interface (perhaps due to an annealing effect as the grains grew.) Also
thinner films may have much more strain associated with them, because of the
substrate-film lattice mismatch, which could change the conduction band curva-
ture and lower the electrom mobility. Mobility versus thickness data for films
on CdTe would help in understanding the relative importance of the mobility lower-
ing mechanism; the high cost of CdTe substrates prevented a series of deposition
runs with CdTe substrates from being done.

2.4.4 Hall Mobility of Sputtered Films Versus Substrate Temperature

Figure 4.3 plots the measured electron mobility at 879K of films on Si
substrates from deposition runs made in 1981-82 with different substrate tempera-
tures. [The mobility values at the lowest measured temperature for n-type films
are considered to be most significant with regard to crystalline quality.] Note
that the two other most important sputtering parameters, target power and Hg
pressure, are constant for the four runs but that there were some variations in
deposition times. Of the five substrate temperatures used, best results were al-
most always obtained at 2500C. It is quite possible that 250°C is not optimm
temperature and that the dotted curve, or some similar curve, might be obtained
if additional mobility versus substrate temperature data between 280 and 200 de-
grees were taken. The low mobility values, compared to possible values greater
than 200,000 that could be obtained, could be due to a) film thickness,

b) strain, c¢) grain boundaries d) impurities from the target (no substrate
bias was used), and e) either Hg or Cd vacancies. A more ideal Hg pressure for

250°C is now believed to be in the 1-1.1 micron range, from the standpoint of Cd
vacancies. Films with low Hg pressure are less likely to

have Cd defects and are more ideal for annealing experiments.

2.4.5 Hall Mobility Versus Applied R.F. Power and Substrate Temperature

The data in figure 4.4 show mobility resulta for films on Si substrates
deposited at different substrate temperatures and applied rf power to the targets
but with constant Hg pressure and deposition time. Observing the room temperature
data from table 1.2, we see that all four runs yielded films with n-type behavior
in that mobility {ncreased with decreasing temperature. It was expected that
film crystallinity and mobility would increase as the deposition rate was decreas-
ed since deposited atoms would have more time to move to their optimum positions.
This was the case comparing the films from run T76 with run T75. The data in
figure 4.3 indicate that increasing temperature should result in an increased
mobility. This was the case comparing the film results from rum T73 and T76.
However, the deposition run T74, which should have yielded films with the highest
mobilitysdid not. From table 1.2, it is seen that the carrier concentrations
for this film set were in the mid to high ten to the seventeenth range. It should
also be noted from table 1.2 that only when d¢ bias was applied to the substrate
(T84-T91) did the carrier concentrations reduce to the necessary low tem to the
sixteenth range - a minimum value required for bulk mobility values. This result
suggests foreign impurities are the major factor limiting mobility to low values.
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2.4.6 Comparison of Hall Mobilities for CdTe and Silicon Substrates

There was usually little difference in the mobility values measured for
films on CdTe and Si; the difference was almost always in favor of the silicon
(See table 4.1). There are two possible explanations for this difference. When
designing future experiments, choices for deposition parameters were based on
observed results from previous runs. These results were mobilities that were
an average of all the values measured on both CdTe and Si, and since there were
more Si samples the average was weighted in its favor. Therefore conditions were
optimized for growth on Si rather than CdTe. The other possible reason depends
on the positioning of the samples on the platen. Since the CdTe was always di-
rectly and fully undetz firget, it experienced the highest deposition rate. Lower
deposition rates have been previously shown to produce better films.

The major conclusion that can be drawn from lack of sensitivity of mobility
on substrate material and the low mobility values, is that grain size is probably
not limiting the electron mean free path and mobility values. [Grains were not
observed in the films on CdTe substrates]. It is much more probable that impuri-
ties, either native or foreign, are the major controlling factor effecting conduc-
tion properties of the films.

2.4.7 Hall Mobility and Carrier Concentration Versus Substrate Bias

Negative d.c. substrate bias had a strong effect on conduction properties.
A negative dc bilas on the substrate anode accelerates positive Hg ions to it. Ase
the kinetic energy of the ions is increased, they become energetic enough to
"loosen" weakly or poorly bonded Hg, Cd or Te atoms and to inhibit the incorpora-
tion of weakly bonded impurity atoms or interstitial Hg atoms. As the blas is
increased further, it also creates vacancies, most likely of the volatile
atoms. This can be seen in the results presented in Table 4.2 with the order of
increasing bias being: T78, 84, 85 for a Hg pressure of 0.9 microns and T81, 87,
89 for a Hg pressure of 1.2 microns. At both Hg pressures, with an intermediate
bias, a dramatic decrease in carrier concentration occurs from that without bias.
This suggests the level of foreign impurities have been reduce. The mobility
increases due to decreased impurity scattering. For the largest bilas conditions,
the films become p-type as evidence by the decrease of mobility with decreasing
temperature. The results suggest that bias values less than fourteen volts may
be sufficient for removal of impurities without creating Hg vacancies leading to
compensated film behavior.

2.4.8 Hall Mobility and Carrier Concentration Versus Hg Pressure

Table 4.3 compares film results for deposition runs where only the Hg pres-
sure was changed. Comparing the results for the three runs without substrate
bias (T83, T78, and T8!) we see that there is a surprisingly small difference in
conduction results. Since the results should be a strong function of Hg pressure,
this lack of dependence is attributed to the dominance of foreign impurities in
the starting target materisls when no substrate bias is applied. Comparing the
two minus fourteen volt bias rums, it could be said that the Hg pressure for T84
was too low for fourteen volt bias level, as evident by the decrease in mobility
with measuring temperature suggesting compensated material due to Hg vacancies.
From the ARO sponsored research(4), it was found that for Hg pressuras above 1.2
microns, Cd tends to be depleted from the target surface and therefore from the
films. It is possible that for Hg pressures even leas than 1.2 microns, Cd may

v et iy




not arrive at a sufficient rate as the film grows to prevent Cd vacancies. There-
fore T87 films may be lacking in Cd, which would cause increased scattering and

a reduction in mobility. In further experiments, the values of Hg pressure be-
tween 0.9 and 1.2 microns must be slowly changed at various bias settings and with
CdTe as well as Si substrates. It is firmly believed by the author that much
higher values of mobility for triode-sputtered films can be obtained by further

fine tuning of the sputtering parameters.

2.4.9 Hall Mobility Versus Exposure Time to Ambient Atmosphere

To see what effect the time of exposure to the ambient atmosphere of the
silicon substrates (while loading the platen) had on the film's growth and pro-
perties, an experiment was designed. In it the first substrate loaded (with
the longest exposure) was placed the same distance from the center as the last
sample loaded, which had the shortest exposure. The time of exposure was between
5 and 30 seconds for the last-in sample and from 3 to 6 minutes of exposure for
the first-in samples. The results are given in Table 4.4. As can be seen, there
is no clear tendency indicating whether the amount of oxidation at this stage

has any effect on growth. The experiment should be repeated when higher mobility
films were obtained after further fine tuning of the sputtering parameters.

2.4.10 Sputtering with D.C. Voltage Applied to the Target

An experiment was conducted with a d.c. voltage of 100 volts applied to 595
target since it was reported that good results were obtained by this method. (
The conduction properties of films from this run can be compared to those from
the rf run, 787, which had similar values for Hg pressure, substrate bias and tem-
perature, and sputtering time. However, an important parameter-deposition rate-
has not yet been measured for T90. The conduction results for T90 films were
somewhat comparable to the films for T87. Both films sets are probably dominated
by nonoptimized values for Hg pressure and substrate bias and temperature and not
strongly dependent on target voltage. Therefore the dc sputtering approach must
be considered in future work, due to the simple required sputtering apparatus,
even though rf sputtering is known to give a more constant deposition rate and
cleaner films when used with metal targets.

2,4.11 Dependence of Conduction Results on Film Composition

In research prior to 1981, conduction properties of films deposited with
targets with x values other than 0.2 were obtained. These results were reported
in AFOSR annual reports for 1978-1981 grants. The conduction results did not
differ to any significant degree from those for x=0.2 films emphasized in this
section. The past research with different compositions served the purpose of
demonstrating that the compostion of tha film can follow that of the target and
that films with any desired composition in at least the 0.18 - 0.27 compositional
range can be obtained. However, the results in this section show that many sput-
tering parameters must be finely tuned to obtain optimum conduction results and
that the optimization is difficult research. The optimm sputtering parameters
would obviously be a function of desired film composition. Therefore the deci-
sion in 1981 to concentrate all ARO and AFOSR research on a single material com-
position of 0.2 appears to have baen correct.
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Table 4.4 Exposure to Ambient Atmosphere
Between Etching and Sputtering

FIRST LOADED (g "‘;ﬁtre) LAST LOADED (; Lg:zf,e)

. 2 2
cm cm
Rp(==) U (===)
H' vs Sample H' vs
Rm. Temp. | Liq. N Rm. Temp. | Lig. N
(879kf (8703?

Sample

T76-52 1200 N.A. T76-55 1070 1420
T77-511 1500 2000 T77-57 - 1230 1770
T78~57 1720 4310. T78-58 1520 2340
T79-512 983 1380 T79-511 963 1400
T80-59 1160 1630 T80-510 1150 1740
T81-59 1700 2030 T81-510 1690 2500
T83-511 1740 2780 T83-59 2500 3420
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Figure 4-1 Mask/Thin Film Shape.
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Figure 4.3 Hall Mobility @ 87°K vs Substrate Deposition
Temperature for Films Deposited Without
Substrate Bias.
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2.5 ELECTRICAL PROPERTIES OF ANNEALED FILMS

2.5.1 Introduction

The main objective of this work was to obtain annealed filmg with high
electron mobility and low native defects and carrier concentrations, to demon-~
strate the quality of the sputtered filmsg. A second objective was to demonstrate
control of the electrical properties by annealing methods. A final objective was
to use the annealing experiments to get better description of the impurties and
other defects in the film. The highest value for electron mobility obtained for
the annealed sputtered f£ilms was oanly about one eighth of the maximum possible
value. However, although ideal mobility values have not yet been obtained, the
annealing results suggest that this objective ig obtainable if the films to be
annealed are prepared by optimized bias sputtering techniques so that the films
do not contain a large number of foreign impurities.

2.5.2 Background on Annealing and Doping (Hg,Cd)Te Material

By annealing (HgCd)Te material in a Hg atmosphere, Hg vacancies (acting as
acceptors) can be filled and the material changed form p to n-type. In the case
of polycrystalline material, crystallites can be enlarged. Whether the annealed
material becomes p or n-type is known 28) to be a semsitive function of the Hg
partial pressure and the equilibrium annealing temperature with the general be-
havior expected to follow the data shown in figure 5.1. [For annealed (Hg,Cd)Te
thin films, the conduction properties will depend also on the number and type of
defects in the film and therefore on the sputter deposition parameters; for bulk
materials and other types of thin films, such as LPE films, the original growth
parameters may also influence the conduction behaviot6 Annealing results have
been reported for (Hgg.6,Cdg, 4)Te b?lk mgtgz}als( and t n f11ms (31) and
for (Hgg, g,Cdp,2)Te bulk materials and thin films. From data
such as shown in figure 5.1, it can be seen that crystalline (Eg gCd_ 2)Te ma-
terial annealed under Hg saturated conditions converts to n-type below 360°C
and the electron concentration is praticnllg independent of the annealing tempera-
ture below 360°C. Schmidt and Brebrick(2 found that (Hgy ¢,Cdg 4)Te undoped
samples also turned n-type at annealing temperatures below 35858 under Hg saturat-
ed conditions. The conversion temperatures were found to be different for samples
with different carrier concentrations. This ind{cated that the type-conversion
in these samples was due to residual foreign donors and not native donor defects.
In the Hg vapor annealing process, atoms of Hg from the vapor will diffuig §nt
the (Hg,Cd)Te and either occupy interstitial sites or fill Hg vacancies.
the former case, Te from the lattice will appear as a second phase. In stoicho-
metric crystals, the presence of Hg vacancles is associated with Hg atoms in
interstitial positions which act as n-type Frenkel defects in the Hg-Cd sublat-
tice. Cd vacancies can behave similarly. Other types of defects may also be
present. For example, a high concentration of Hg vacancies created during the
growth of a cryatal can lead to clusters of excess Te atoms, which may prevent
Hg atoms from filling Hg vacancies during annealing. Dislocation and grain boun-
daries can also cause an increase in free carrier concentrations. In thig films,
lattice strains caused by mismatch in the coefficient of expanaion of film and
substrate during either growth or annealing processes can result in local changes
of the forbidden gsp, which can introduce additional free carriers.
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